We present a novel technique for studying the quenching of shell gaps in exotic isotopes. The method is based on extracting Gamow-Teller (ÁL ¼ 0, ÁS ¼ 1) transition strengths [BðGTÞ] to low-lying states from charge-exchange reactions at intermediate beam energies. These Gamow-Teller strengths are very sensitive to configuration mixing between cross-shell orbitals, and this technique thus provides an important complement to other tools currently used to study cross-shell mixing. This work focuses on the N ¼ 8 shell gap. We populated the ground and 2. Light unstable isotopes provide fertile testing grounds for studying the evolution of nuclear structure away from the valley of stability, as exotic phenomena such as halos, Borromean systems, parity inversions of low-lying states, and the disappearance of conventional magic numbers can be found in isotopes with only a few neutrons more than stable species. The disappearance of the magic numbers is associated with a quenching of a shell gap between singleparticle orbitals that are well-separated in stable isotopes. In this Letter, we introduce a new method for quantifying the degree of quenching by measuring the configuration mixing between orbitals on either side of the gap. This is done by extracting the Gamow-Teller (GT) transition strengths [BðGTÞ] to low-lying states of the exotic nucleus using a charge-exchange (CE) reaction at intermediate energy. The method provides a valuable addition to the other techniques used to study shell quenching, since the magnitudes of the extracted GT strengths are strongly correlated with the extent of the configuration mixing, but the analysis procedures used to extract GT strengths from the data are insensitive to a priori assumptions on the mixing. Here, we employ the ( 7 Li, 7 Be) CE reaction at 80 MeV=u on 12 B to study the quenching of the N ¼ 8 gap in 12 Be. The case of 12 Be has already been the subject of extensive experimental and theoretical work. Low-lying states with spin-parity 2 predict that 2@! components make up 69% of the ground-state wave function. These results are consistent with the predictions produced by a model developed by Fortune and Sherr based on Coulomb shifts (68% 2@!) [12, 14, 15] . ( 10 Be þ n þ n) three-body calculations performed by predict an even stronger 2@! component (71-87%). Overall, these predictions are in good agreement with results from neutron knockout measurements performed in 2000 and 2006 [8,9], in which 68% of the ground-state wave function was estimated to consist of 2@! configurations. Recently, however, particleparticle random-phase approximation (pp-RPA) [17] and microscopic no-core shell-model (NCSM) calculations [18] have predicted ground-state wave functions dominated by 0@! configurations (75% and 59%, respectively),
Light unstable isotopes provide fertile testing grounds for studying the evolution of nuclear structure away from the valley of stability, as exotic phenomena such as halos, Borromean systems, parity inversions of low-lying states, and the disappearance of conventional magic numbers can be found in isotopes with only a few neutrons more than stable species. The disappearance of the magic numbers is associated with a quenching of a shell gap between singleparticle orbitals that are well-separated in stable isotopes. In this Letter, we introduce a new method for quantifying the degree of quenching by measuring the configuration mixing between orbitals on either side of the gap. This is done by extracting the Gamow-Teller (GT) transition strengths [BðGTÞ] to low-lying states of the exotic nucleus using a charge-exchange (CE) reaction at intermediate energy. The method provides a valuable addition to the other techniques used to study shell quenching, since the magnitudes of the extracted GT strengths are strongly correlated with the extent of the configuration mixing, but the analysis procedures used to extract GT strengths from the data are insensitive to a priori assumptions on the mixing. Here, we employ the ( 7 Li, 7 Be) CE reaction at 80 MeV=u on 12 B to study the quenching of the N ¼ 8 gap in 12 Be. The case of 12 Be has already been the subject of extensive experimental and theoretical work. Low-lying states with spin-parity 2 þ 1 (E x ¼ 2:11 MeV), 0 þ 2 (E x ¼ 2:24 MeV, ¼ 331 ns), and 1 À 1 (E x ¼ 2:68 MeV) provide strong signatures of shell quenching [1] [2] [3] [4] [5] [6] [7] , yet the level of mixing between p and sd shell configurations remains the subject of intense debate. This is despite the large body of data available from (t, p) [1, 3] , neutron knockout [8, 9] , inelastic scattering [4, 5] , and (d,p) [10] experiments. The current study addresses a particularly controversial aspect of the discussion [11] [12] [13] [14] [15] , the relative contributions of ð0sÞ 4 ð0pÞ 8 ''0@!'' and ð0sÞ 4 ð0pÞ 6 ð1s0dÞ 2 ''2@!'' configurations to the 0 þ states of 12 Be. Most calculations performed prior to 2010 agree that the ground state of 12 Be is dominated by 2@! configurations. The shell-model calculations of Barker [11] [12] [13] predict that 2@! components make up 69% of the ground-state wave function. These results are consistent with the predictions produced by a model developed by Fortune and Sherr based on Coulomb shifts (68% 2@!) [12, 14, 15] . ( 10 Be þ n þ n) three-body calculations performed by Romero-Redondo et al. [16] predict an even stronger 2@! component (71-87%). Overall, these predictions are in good agreement with results from neutron knockout measurements performed in 2000 and 2006 [8, 9] , in which 68% of the ground-state wave function was estimated to consist of 2@! configurations. Recently, however, particleparticle random-phase approximation (pp-RPA) [17] and microscopic no-core shell-model (NCSM) calculations [18] have predicted ground-state wave functions dominated by 0@! configurations (75% and 59%, respectively), in conflict with the earlier predictions and the knockout measurements. In addition, the pp-RPA calculations and Barker's shell-model calculations [11, 13] 12 B secondary beam (with purity exceeding 99%) was separated from other fragmentation products using a 405 mg=cm 2 thick aluminum wedge placed at the intermediate image of the A1900 fragment separator [22] . The momentum acceptance of the separator was AE0:25%, resulting in a secondary 12 B beam intensity of 3 Â 10 6 s À1 .
The experimental setup was similar to that described in Ref. [23] . A 5:5 mg=cm 2 nat Li target was placed at the pivot point of the S800 spectrograph [24] . Dispersionmatched optics were employed in order to achieve optimal energy resolution for 12 Be nuclei detected in the spectrograph. Reaction products were identified and measured on an event-by-event basis using a suite of detectors in the S800 focal plane [25] . Angles and positions in the dispersive and nondispersive planes were measured using two Cathode Readout Drift Counters (CRDCs). Particle identification was performed by combining the relative timeof-flight (between a 3-mm thick plastic scintillator located in the S800 focal plane and the CCF radio-frequency signal), and the energy-loss signal from a 5-mm thick plastic scintillator also placed in the focal plane. A 5th-order raytrace matrix was used to reconstruct the center-ofmass scattering angle and, after a missing-mass calculation, the excitation energy of 12 Be. The 12 B 4þ charge state, produced when 12 B 5þ ions pick up an electron in the target, was used to estimate the intrinsic kinetic energy resolution of 900 keV (FWHM) and the angular resolutions in the dispersive and nondispersive planes of 12 and 9 mrad, respectively.
Photons emitted from excited states populated in the reaction were detected in the segmented germanium array (SeGA) [26] . Fifteen, 32-fold segmented high-purity Ge detectors were arranged in a closely-packed configuration around the target, with crystal axes parallel to the beam axis and at a distance of 13.2 cm, covering laboratory polar angles between 40 and 140
. The -ray photopeak detection efficiency, determined with standard sources, ranged from 17% at E ¼ 250 keV to 3.5% at E ¼ 2:5 MeV. The segmentation of SeGA is aimed at minimizing the uncertainty in the emission angle, improving the energy resolution of the Doppler-reconstructed -energy spectrum (the decaying nuclei travel at ¼ 0:39c). However, because dispersion-matched optics were used in this experiment, the beam spot at the target was 5 cm wide in the dispersive plane. Since the hit position on the target in this plane cannot be reconstructed in the raytrace procedure, the large beam spot resulted in a large uncertainty in the -ray emission angle, and the energy resolution for Doppler-reconstructed rays was limited to 7%.
The 12 Be singles (spectrograph only) excitation-energy spectrum is shown in Fig. 1(a) . Clearly visible are the 12 Be ground-state peak (region I), another peak centered at $2 MeV (region II), and a broad feature at higher excitation energy (region III). Since this spectrum is not gated on rays, it contains events associated with various transitions in the 7 12 Be excitations beyond the neutron separation threshold of 3.69 MeV would not be associated with 12 Be events in the spectrograph. Therefore, events observed in region III of Fig. 1 (a) must originate from reactions producing 12 Be but in which neither the 7 Be 0 (ground state) nor 7 Be 1 (429 keV) levels were populated. To confirm this, we gated the 12 Be excitation-energy spectrum on the 429 keV -ray emitted in the 7 Be 1 ! 7 Be 0 deexcitation [shown in Fig. 1(b) ]. This -gated excitationenergy spectrum is shown in Fig. 1(c) , and virtually no events were observed in region III, despite the similarities observed for regions I and II. Thereby convinced that region III events are not relevant to the 0 þ states in 12 Be under investigation here, we excluded them from further consideration.
12 Be has three states that can contribute to the $2 MeV peak seen in region II of Fig. 1(a) 
À
1 levels deexcite to the ground state by -ray emission. The -ray yields associated with these transitions were only weakly visible in the Doppler-corrected -energy spectrum gated on region II, as shown in Fig. 1(d) . By counting the number of events possibly associated with the photopeaks due to the decay of the 2 þ 1 and the 1 À 1 levels in this spectrum (events within AE2 resolution were used) upper limits to region II were determined. Since the spectrum of Fig. 1(d) is not free of background, a correction to these limits was made by subtracting the number of events in the same photopeak windows but gated on region I of Fig. 1(a) . After correcting for the photopeak efficiencies, upper limits for the contributions to region II of Fig. 1(a) of 7 AE 2% and 4 AE 1% due to the excitation of the 2 þ 1 and the 1 À 1 states were established. The widths of the peaks in regions I and II of Fig. 1 (a) are both 1:6 AE 0:1 MeV (FWHM). This is broader than the intrinsic kinetic energy resolution due to difference in energy loss of the projectile and ejectile in the target, the uncertainty in the scattering angle which contributes to the uncertainty of the missing-mass calculation and because 7 Be 0 and 7 Be 1 final states both contribute. The short lifetimes of the 2 þ 1 and 1 À 1 levels ensure a prompt decay near the target and the associated momentum kick broadens the width of the $2 MeV peak in Fig. 1(a) . If this peak were solely due to the 2 þ or 1 À state, its width would be $2:3 MeV. Such a broadening will not occur for the excitation of the isomeric 0 þ 2 level since it has a lifetime of 331 AE 12 ns [6] and the associated 12 Be ions are unlikely to decay before reaching the S800 focal plane. Because the contribution of the 2 þ 1 and the 1 À 1 states to region II are small, and the peak widths are sensitive to several other parameters that carry uncertainties, quantifying the level of contamination from these levels was not meaningful compared to the the extraction from the -spectrum. Nevertheless, the fact that the widths of peaks I and II are equal provides further support for 0 þ 2 dominance of the $2 MeV peak.
Confident that the ground state (0 þ 1 ) and 2.24 MeV (0 þ 2 ) states in 12 Be dominate the peaks of region I and II, the high-statistics singles data of Fig. 1(a) was used to extract GT strengths. A similar analysis with the -coincident data of Fig. 2(c) was also performed, yielding consistent results, but with large statistical uncertainties.
The differential cross sections extracted from the singles data for the excitation of the 0 þ 1 and 0 þ 2 states in 12 Be are plotted in Figs. 2(a) and 2(b) , respectively. Equation (1) for the extraction of BðGTÞ is only valid if applied to the ÁL ¼ 0, ÁS ¼ 1, ÁJ ¼ 1 (GT) component of the cross section. Because of the internal structure of both the projectile and the target, and the fact that the cross section is integrated over the 7 Li ! 7 Be 0 and 7 Li ! 7 Be 1 excitations, contributions with relative total angular momentum transfer (ÁJ r ¼ ÁJ t þ ÁJ p ) up to 4 can contribute, where ÁJ t ðÁJ p Þ is the total angular momentum transfer in the target (projectile). Only the ÁJ r ¼ 0 (ÁJ t ¼ 1 and ÁJ p ¼ 1) is relevant for extracting GT strengths. To extract the ÁJ r ¼ 0 component from the data, a multipole decomposition analysis (MDA) was performed, using differential cross sections calculated in the Distorted Wave Born Approximation (DWBA) with the FOLD code [27] . Transition densities were calculated using the shellmodel code OXBASH [28] . The CKII interaction [29] was used in the p-shell model space to calculate the transition densities for the 7 Li À 7 Be system, and the WBP interaction [30] was used in the spsdpf-shell model space to calculate the transition densities for the 12 B À 12 Be system. It is important to note that the angular distributions associated with different units of total angular momentum transfer do not depend significantly on the choice of the shell-model interaction or model-space, but predominantly on the value of ÁJ r .
The effective nucleon-nucleon interaction of Ref.
[31] was double-folded over the transition densities to produce separate form factors for each multipole. In the DWBA calculation, optical potentials from Ref. [32] were used. The DWBA cross sections were smeared with the experimental angular resolution and rebinned to match the binning of the experimental angular distributions. The experimental angular distributions were then fit with a linear combination of DWBA multipole components to determine the ÁJ r ¼ 0 cross section at zero degrees, as shown in Fig. 2 . Contributions from ÁJ r ¼ 1 and ÁJ r ¼ 3 components (they peak just below 2 and at 3.5 , respectively, and have a relatively deep minimum at 0 ), which are associated with the excitation of the 1 À state, were found to be consistent with zero and are not shown in Fig. 2(b) . However, within uncertainties, a contribution of the 1 À state at the level of the upper limit deduced from the -ray spectrum of Fig. 1(d) was not excluded. To ensure that a small contamination of the 0 þ 2 state from the 2 þ 1 state did not strongly bias the results (both excitations have a ÁJ r ¼ 0 contribution), the ratio of events in region II to events additionally gated on the 2.11 MeV photopeak in spectrum Fig. 1(d) was determined, separately for c:m: < 2:4 and c:m: > 2:4 . Since these ratios in the two angular regions were consistent with each other, a strong bias was excluded.
The zero-degree ÁJ r ¼ 0 cross sections extracted from the MDA were extrapolated to q ¼ 0 based on the DWBA calculations, following the procedure described, e.g., in Ref. [33] . The unit cross section in Eq. (1) was calibrated using the 12 Bðg:s:Þ ! 12 Beð0 þ 1 Þ transition, since the corresponding BðGTÞ is known from -decay data (BðGTÞ ¼ 0:184 AE 0:008 [21] ). We found that ¼ 3:72 AE 0:34 mb=sr. Applying this unit cross section to the ÁJ r ¼ 0 cross section at q ¼ 0 for the excitation of the 0 þ 2 state results in a BðGTÞ of 0:214 AE 0:051. The error cited for the 0 þ 2 state includes: statistical and MDA fitting errors (8% error for the 0 þ 1 state, 9% for the 0 þ 2 state, after propagation through the q ¼ 0 extrapolation and conversion to BðGTÞ); and systematic errors from the peak-fitting procedure used to generate experimental angular distributions (4%), the smearing procedure of DWBA differential cross sections (1%), the uncertainty in the extrapolation to q ¼ 0 (1%), and the effects of the tensor interaction in the charge-exchange reaction mechanism (11%). The last contribution was estimated by comparing the calculated cross sections with ones in which the tensor component of the Love-Franey interaction was switched off, following the procedure discussed in, e.g., Ref. [34] . , to the theoretical ratio and incorporating different assumptions for the mixing between 0@! and 2@! configurations. This is shown in Fig. 3 -each point represents a shell-model calculation using the WBP interaction [30] in the spsdpf model space, where the energies of all 2@! configurations have been augmented by an amount ÁE to adjust the amount of configuration mixing between 0@! and 2@! configurations. The ÁE values used for calculating the points shown in 
